
NASA-CR-19225_

OPTICAL.rTHERMALANALYSIS METHODOLOGY
FOR A SPACE-QUALIFIABLE RTPFURNACE

D. Bugby and S. Dardarian
Swales & Associates, Inc.

Beltsville, Maryland

E. Cole

George Mason University
Fairfax, Virginia

/

,,._>.,7, 7

p ,,,,'

Abstract

A methodology to predict the coupled
optical/thermal performance of a reflective cavity
heating system was developed and a laboratory
test to verify the method was carded out. The
procedure was utilized to design a rapid thermal
processing (RTP) furnace for the ROMPS
program which is a planned STS HH-G canister
experiment involving robotics and material
processing in microgravity. The laboratory test
employed a tungsten-halogen reflector/lamp to
heat thin, p-type silicon wafers. Measurement
instrumentation consisted of 5-mil Pt/Pt-Rh
thermocouples and an optical pyrometer. The
predicted results, utilizing an optical ray-tracing
program and a lumped-capacitance thermal
analyzer, showed good agreement with the
measured data for temperatures exceeding
1300 °C.

Introduction

The ROMPS (.Bobot-_Qperated Material
Processing in ._..pace) program involves
integration of a robotics system and a high
temperature rapid thermal processing (RTP)
fumace in an STS HH-G canister. The ROMPS

system consists primarily of a reflector/oven in
which samples are annealed, racks for storing
unprocessed or fully-processed samples, a robot
to transport samples between the rellector/oven
and rack, and associated controlling electronics.
The objectives of the ROMPS program are to
study post-deposition rheotaxy in microgravity
and to demonstrate the viability of carrying out

in-space material processing using robotics
systems. The program is sponsored by the
NASA Goddard Space Flight Center and

involves a modeling effort by Swales &
Associates, Inc. and an investigation of the
application of the RTP system to candidate
microgravity material processes by George
Mason University.

The ROMPS fumace is an ellipsoid-
shaped reflector with a tungsten-halogen lamp
filament placed at one focus and the sample
placed at the other focus. The system will heat
1 cm diameter, 10 micron thick (substrated)
semiconductor films to prescribed temperatures
in less than 10 seconds, maintain the samples
at that temperature for periods ranging from
several seconds to several minutes, and cool in

approximately 2 minutes. Proposed test
materials include silicon, cadmium telluride,

gallium arsenide, and several others.

Due to the adverse effect on crystal

growth of temperature gradients within samples
during RTP, surface flux variations must be kept
small. Ground-based single-wafer RTP systems
can utilize several kilowatts to achieve the
required radiative environment, while STS HH-G
payloads are limited to 560 W. Thus, the design
goal is a system which produces a relatively
uniform flux over the sample surface with a
minimum consumption of power.

To achieve this goal, a methodology to
simulate the coupled optical/thermal phenomena
within reflective cavity heaters was developed
and was utilized to arrive at a preliminary
ROMPS RTP furnace design. To verify the
approach, a laboratory test was performed. This
paper will describe the methodology, the
laboratory test, the measured results, the model
predictions, and the principal conclusions.
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Analysis Methodology

The design of reflective heating systems
such as that utilized in the ROMPS program is
an iterative process. The required analytical
tools include optical ray-tracing and lumped-
capacitance thermal analysis computer codes.
In this study, OPTICAD and SINDA are the

respective analytical tools. 1,2

The process is initiated by selecting a
reflector shape and an actual tungsten-halogen
bulb based on the size and power constraints of
the particular application. The ray-tracing code is
used to determine the fraction of emitted
filament power which is incident on the sample
surface and the spatial distribution of this power.
The thermal analyzer is then utilized to
determine the sample thermal response. If the
performance is unacceptable, a new reflector
and/or bulb is selected and the analysis is
repeated.

An overview of the specific steps
comprising the coupled optical/thermal analysis
methodology is provided below. A detailed

description of the procedure applied to the test
configuration follows later in the paper.

Optical Modeling

As indicated, the first step in the

procedure is the selection of a reflector
geometry and a tungsten-filament bulb. This
selection must include an analytical or numerical
representation of the reflector shape (e.g., an
ellipsoid), the reflector internal surface
reflectivity (p), the geometry of the filament

(I,w.t), and the filament operating temperature
(Tf).

The second step is to set up an optical
(ray-tracing) model of the system. The optical
model includes the reflector, the filament (from

which the rays emanate), and the sample (or
target) which is to be heated. Depending on the
capabilities of the ray-tracing code, an
approximation to the desired reflector shape and

the actual filament shape may have to be
utilized. However, to obtain an accurate

representation of the incident flux on the target

surface, a three-dimensional distributed point
source model of the filament is required.

Additional details to incorporate into the
optical model are the non-transmissivity of the
filament (the model must not allow reflected rays
to pass through filament), non-ideal wall
reflections (ray energy must be reduced by (l-p)
in each reflection), and target discretization with
sufficient resolution to perform an adequate
thermal response computation. Note that
"target" and "sample" are used interchangeably
throughout this paper.

Next, the ray-tracing calculation is
carded out to obtain the fractional power
distribution (¢i) over the discretized target

surface. In ray-tracing terms,

_l= Ei/Eto t (1)

where E i = energy of the rays striking target grid

element (i) and Etot is the total energy of the

rays emitted from the filament. Due to non-ideal
wall reflections, the energy of the rays is not
necessarily equal to the number of rays.

Thermal Modeling

While the ray-tracing calculation
provides the fractional distribution of power
emitted by the filament incident on the target
surface, it does not provide the magnitude of the
filament emissive power. This quantity can be
computed via the expression,

Qf = _ At _ Tf4 (2)

where At = effective surface area of the filament,

= filament emissivity, _ = Stefan-Boltzmann

constant, and Tt = filament operating

temperature. The distribution of absorbed
power over the target surface is thus given by,

Qi = °-s 0i Qf (3)

where c_s = sample absorptivity to the incoming

tungsten radiation spectrum. For silicon, _ can

vary markedly with temperature, wavelength,
composition, and surface condition.



Thenextstepin theprocedureis to set
up the (lumped-capacitance)thermalmodelof
the targetsystem. The thermalmodelmust
incorporatesample heating as defined by
Equation(3), conductionwithin the sample,
conductiveheat loss from the sampleto the
surroundings,andsampleheatlossbyradiation.
The radiation heat loss term can be
approximatedaccordingtherelation,

Qrad,i= 7_:sAs o"(Ti4 - To4) (4)

where _ = sample emissivity, As = area of one

lace of the sample surface, 7 = radiation re-
emission parameter which typically varies
between 1 and 2 for thin, flat targets, TI =

temperature of computational zone (i), and To =

effective radiation sink temperature.

The final step is to compute the thermal
response of the target system and assess
whether the design is acceptable. In general, if
the bulk steady-state temperature is acceptable
but the gradient too large, defocusing the target
away from the focal point will tend to even out
the flux distribution over the sample surface.
However, defocusing will also reduce the flux
magnitude. If the bulk sample temperature is
too low a different reflector shape, a different
bulb, or beth, are selected and the analysis is
repeated. The basic governing thermal analysis
equation is given below:

T ' T ' (5)
{mCp(dT/dt)} I - =$#QI " I"G c ('T,. I) - lcsAm.lo _i " o }

To reduce computational effort, it is
possible to estimate the average sample
temoerature using only the ray-tracing results.
In the absence of conductive losses, the steady-
state (radiation equilibrium) sample temperature
can be estimated via the following relation,

Teq = (c_s{ Qf / 7 As _ c).25 (6)

where _ = ;E_i. This equation can be utilized to

perform a preliminary assessment of a given
reflector design. The equation also provides
some insight into optimal reflector design.
Values of the various parameters indicated in
the foregoing equations are listed in Table 1.

Table 1. OptlcaVl"hermal Model Parameler Values and
Their Definitions

PBl_er

1 'h
2. Tf

3 fl

4 %

5 ¢s
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8. Cp

9. Qf

10. Gc
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14. T O
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Fr-,'4_n of filament em_wve 68

tin, dent on sample

M=_.s of sdcon water [k,q) 2 E-.4

S=_con heat ¢op_:=?y (J/kg K') 703

F_l=u'_mn!em,ls.ti've power (W) 91 6

ConductNe heat loss 002

R.ad_Urve heat loss 1.6

E-4
oonduct=nce (m 2) . eI ?A s

Re--rad_bon p_',trr_ler 1 0

S_'nCde ,,,ngie..faoe surface 2_25

[m_ E-.4

I::_d_oe =_nk terrt_caturo (tO 300

• SiJoon a,bsorptN_y and emasMty =,,.,umed equal

Depending upon the configuration of the
reflector and sample holder, the radiation re-
emission parameter (7) will typically have a value
between 1 and 2. A value of 2 indicates the

sample can freely radiate from both sides and a
value of 1 indicates effective radiative

"insulation" on the backface of the sample. By
placing a reflective surface adjacent to the back-
face of the sample, the radiative heat loss from
the sample can be reduced. In a completely
enclosed reflector with effective back-face

radiative insulation, y can potentially be less than
unity. This result is due to energy emitted (or
reflected) from the front face of the sample
which reflects back onto the sample. Thus, to
maximize sample temperature, the use of
completely enclosed reflectors and backface
radiative insulation is recommended.

To investigate the validity of the
methodology outlined above, a laboratory
experiment was performed. The test set-up was
designed to enable the application of the
aforementioned approach to a breadboard
tungsten-halogen reflector-lamp system which is
functionally similar to the ROMPS flight furnace
design.



Experimental Procedures

The test fixture for positioning the lamp
and sample is illustrated in Figure 1. The
infrared heat source is a 150 W, 15 V Osram
HLX 64635 tungsten-halogen reflector/lamp.
This product is a combination of an internally
gold-coated reflector and a tungsten-halogen
bulb which can be purchased in this combined
form. The lamp is mounted to three linear
(micrometer) translation stages. The translation
stages are attached perpendicular to one
another providing the capability for fine
adjustments to the x, y, or z position of the
reflector/bulb and, thereby, precise sample-
reflector positioning. The aforementioned
equipment is bolted to a steel baseplate.

The test samples are bonded (using a
high-temperature adhesive) to a fused-quartz
sample holder with isolating "fingers" as shown
in Figure 2. The sample holder is attached
within a spherical bearing, the center of rotation
of which is coincident with a point on, and at the
center of, the sample surface. The spherical
bearing is mounted in an aluminum fixture which
is also bolted to the baseplate. The spherical
bearing provides a means of rotating the sample
to ensure sample-beam perpendicularity, without
altering sample-source separation.

Samples are square 1.5 cm x 1.5 cm x
15.5 mil thick wafers of p-type silicon. Four 5-
mil, S-type Pt/Pt-Rh thermocouples are
adhesively bonded (using a high-temperature,
conductive adhesive) directly to the back of the
silicon samples. To simulate space flight
vacuum, the entire apparatus is placed in a (12"
x 12" I.D.) glass bell jar located at George
Mason University. Vacuums of approximately

10 .5 torr were utilized. A block diagram of the
various experimental components is provided in
Figure 3.

Re!ative Flux MaD Measurement

To obtain a measurement of the tlux

distnL_ution over the sample surface, a simple
relative flux measurement device was

constructed. A very small, thin piece of silicon
(1.5 mm x 1.5 mm x 15.5 mil) was bonded to
one of the 5-mil Pt/Pt-Rh thermocouples. The

thermocouple was held in a ZERODUR sheath
which was mounted in a hole at the center of a
polished aluminum plate identical in outer shape
to the quartz sample holder. The plate is
mounted to the spherical bearing just as the
sample holder is mounted. The flux
measurement device is illustrated in Figure 4.
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The objective of the relative flux map
measurement is to obtain experimental
information which can validate the optical
modeling portion of the coupled optical/thermal
analysis methodology. In these tests, the



positionof the silicon-thermocouple"detector"
washeldfixed. Thelampwasthentumedon.
Thex, y andz translationstages(thez-direction
beingperpendicularto thedetectorsurface)are
adjusted until the therrnocouplereads a
maximumtemperature.This is the positionof
thefocalpoint. By systematicallyvaryingthe x
and y positionsof the reflector/lamp,while
leavingz positionfixed,the variationin theflux
environmentat the test samplesurface(i.e.,in
thesampleplane)canbeascertained.
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Figure 3. Experimental Components
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Figure 4. Relative Flux Map "Detector"

The method utilizes the assumption that
the flux (qi) incident at a location (i) in the test

sample plane can be written as follows,

qi = k Ti4 (7)

where k = constant and T i = measured detector

temperature. The value of the power incident on
an area Ai nearby to location (i) over which qi is

relatively constant is given by,

Pi = A1qi (8)

If the flux is mapped over a larger surface region
S, where S = _, the fraction of the total power

(intercepted by S) which is incident on area Ai is

given by,

@i= Pi / ]:Pl = AtTI4 / T--AiTI4 (9)

And, if the map locations (i) are chosen as the
center points of identically-sized grid elements of

size A (all Ai = A), the parameter d)i is given by

_i = Ti 4 / _"r'14 (1O)

Comparing Equation (10) to Equation (1), it

should be clear that the "measured" values of ¢i

should correspond with ray-tracing predictions
as follows,

¢i = Ei/TEi (11)

where Ei has been defined earlier. Equation (11 )

assumes that the discretization used in the ray-
tracing calculation is identical to that used to
derive the relative flux map. How well the left
hand side of Equation (11) matches the right
hand side is one measure of the validity of the
optical model (note that _E i < F_tot).

Steady-State Temperature Measurements

One objective of the steady-state
temperature distnbution measurements is to
provide a means of calibrating one temperature
measurement technique against another. As
described above, the pyrometer could not be
utilized to obtain transient temperature data due,

5



in part, to the low temperature transmissivity of
silicon at the pyrometer operating wavelength.
Another reason is the relatively slow response
time (approximately .4-.5 sec) of the particular
pyrometer used.

To make the steady-state pyrometer
measurements, the emissivity of the silicon
wafer was required. The available data indicate
a value of .71 at temperatures over 1075 K for
all sample thicknesses and over all
wavelengths. 3 The procedure for obtaining the
steady-state temperatures is straightforward.
The samples were attached and mounted in the
test fixture as described earlier. It should be

noted that the pyrometer has a minimum spot
size of .075" (1.91 mm) at a distance of 4" and
is equipped with sighting optics for accurate spot
positioning. The bell jar was placed over the
apparatus and the vacuum pump was tumed on
reducing the pressure inside the jar to

approximately 10.5 torr.

Using the sighting optics, the pyrometer
was trained on a desired location on the silicon

sample back surface. Then, the lamp was
powered on. Within 15-20 seconds a constant
digital temperature value was achieved. To
obtain the temperature at several locations on
the sample, the lamp power was cut off and the
pyrometer was manually repositioned to a
different location using the sighting optics. The
power had to be cut off because one could not
look into the sighting tube due to the brightness
of the tungsten-halogen bulb.

Several tests were carried out to obtain

steady-state thermocouple measurements.
These tests included one transient test. In the
steady-state tests, the real-time data acquisition
capability of the aid converter was not utilized.
Data was obtained by (manually) making single
aid conversions. The procedure for performing
the thermocouple measurement tests is
essentially identical to that described above for
the pyrometer.

Transient Temoerature Me_.surements

The principal objective of the transient
temperature measurements was to assess the
overall accuracy of the coupled optical/thermal

analysis methodology. The measurements also
served as a means to refine the modeling. As
will be seen, the transient temperature data
obtained during the course of this experiment
provided information on two important
parameters in the analysis: the absorptiv_ of
silicon (c_) and the sample radiative re-emission

parameter (7).

In the transient test, the instant the
power was tumed on the a/d converter
automatic data acquisition capability was
enabled. One complicating factor is the
transient power-up time of the tungsten-halogen
lamp which is on the order of a few tenth's of a
second. To account for this delay, a manually
induced delay of less than one second was
attempted following application of bulb power.
The therrr_couple data (time and temperature at
each therrnocouple location) was recorded to
disk when temperature equilibrium was
achieved.

Exoerimental Results and Analysis

In this section, the experimental results
and the accompanying analytical predictions are
presented. These include the measurements
and analyses of the reflector geometry, the
relative flux map, the steady-state temperature
distribution, and the transient temperature
distribution. Also included in a comparison
against data provided by the reflector/lamp
manufacturer and a thermal analysis which is
useful in evaluating parameter sensitivities.

Reflector/Target Geometry_

As described earlier, the first
requirement to perform an optical ray-tracing
simulation of a given system is an analytical or
numerical representation of the reflector shape
and the size and shape of the filament. Thus, to
simulate the test configuration, the shape of the
tungsten-halogen reflector and the size of its
filament are required.

Two methods were utilized to determine

the reflector shape. In each case, the reflector
was assumed to be cylindrically symmetric. In
the first method, the shape was precisely

6



measured on a numerically-controlled milling
machine. The data was curve-fit to a eighth-
order polynomial. The resulting polynomial is
shown below (y,x are in inches),

Yl = A x2 + B x4 + C x6 + D x 8 (12)

where A=-0.770269, B=-1.324134, C=3.838006,
and D = -4.335497. The value of x varies
between -.84" and .84". The second method,

which was the one actually utilized in the current
investigation, approximated Equation (12) as an
ellipse to accommodate ray-tracirig code
capabilities

Once the reflector shape is specified,
additional information required to perform a ray-
tracing calculation is the size of the target and
the discretization required. The silicon test
samples are square 1.5 cm x 1.5 cm wafers,
thus the ray-tracing code target representation
must be identical. To obtain sufficient resolution
to compare with the flux map measurements
and to perform adequate thermal response
calculations, the surface of the wafer was
divided into 25 square elements each of which
are 3 mm on a side.

The filament in the Osram bulb is a

tightly wrapped coil of 11-mil tungsten wire. The
outer dimensions of the coil can be modeled as

a 5 mm x 3 mm x 1 mm parallelepiped. The
outer surface of the parallelepiped is divided into
a grid of square surface elements. The center of
mass of the parallelepiped is positioned at one
focal point and light point sources are placed at
the center of each surface grid element.
Emission from each point source occurs over a
hemispherical solid angle. An alternative
approach is to construct a geometrically
accurate model of the filament shape. Although
the former method is utilized herein, the latter
method obviates the need to estimate the

effective filament surface area (Af). In this case,

there are 46 surface zones of size 1 mm x 1
mm. Figure 6 illustrates the filament model.

Relative Flux MaD Predictions

Rays from each point source were
emitted over a hemispherical (2,:) solid angle

with 20 equal increments in each angular

direction for a total of 400 rays per point source.
Thus, a total of 18,400 rays were emitted from
the filament. The reflector wall was assumed to
have a wall reflectivity of .95 and a maximum of
9 reflections were allowed before a ray was
discarded. This maximum was obviously not
achieved given the openness of the system.

.85 In -_
,,
I

. r.......

Flgure 5. Experimental Reflector/'l'argel Configuration

_ 5 mm --_-_

Figure 6. Filament Model Configuration

The ray-tracing results indicate that
13,184 rays struck the target with a total energy
of _E i = 12,524.7. Note that the ratio of these

two numbers is simply the wall reflectivity (.95).
The ray-tracing results for the values of each El
are listed in Table 2. The values in the table

have been normalized to a value of unity at the
center. The x and y values correspond to the
locations of the grid elem-;nt centers. The
measured flux distribution resu,ts are provided in
Table 3.



Table 2. Predicted Relative Flux Distribution over the

Sample Surface*

= II -6 I -3 I 0 I 3 I .6
6 .046 .061 .042 .061 .046'

3 .243 .569 .786 569 .243

0 .414 .819 1.0 .819 ,414

-3 243 .569 .786 ,569 243

-6 .046 061 .042 ,061 .046

• valuN have been normalized to 1.0 at the c=nter

Table 3. Measured Relative Flux Disb'ibutlon over the

Sample Surface"

-6 I -3 I 0 3 I 6
6 .182 170
3 .154 .451 .611 .482 226

0 .251 .615 1,0 .783 .312

-3 216 ,585 .713 .546 225

-6 .119 204 315 .238 ,104

"value= have been notmaLiz4KIto 1.0 st the center

The results listed above indicate that the
measured relative flux distribution has greater
dispersion and non-uniformity than does the
predicted distribution. This increased dispersion
is probably due to a combination of lack of
bulb/filament manufacturing uniformity,

experimental error in accurately locating the spot
center, and modeling approximation. The
values at the center of the wafer are relatively
close whereas the values around the wafer

periphery differ moderately. The shape of the
predicted distribution is not circularly symmetric,
but is flattened out in the vertical direction and
stretched out in the horizontal direction. While

the measured distribution exhibits a greater
degree of circular symmetry, the flattening effect
is also observed.

The flattening effect is due, in part, to
the orientation of the filament relative to the
target. The longer dimension of the filament (5
mm) is oriented along the target's horizontal axis
while the shorter dimension (3 mm) is oriented
perpendicular to the target. The greater vertical
dispersion seen in the measured distribution is
possibly due to the difference between the
approximate shape of the modeled reflector and
its actual shape.

Post-test observations of a preliminary
test sample revealed a 1 cm diameter circular-
shaped region on the front and back faces of the
heated wafer where oxidation had occurred.
Based on the approximate time of heating, the
oxygen partial pressure, and the coloration
pattern of the oxidation zone, it is estimated that

surface temperatures of at least 1000 °C at the
zone outer periphery were achieved. These
results serve as additional confirmation of the

measured flux (and temperature) data and
predictions.

Steady-State Temperature Predictions

The locations on the silicon wafers
where pyrometer and thermocouple
measurements were taken are indicated in

Figure 7. Thermocouples were labeled TO, T4,
T1, and T3 in order of increasing distance from
the center of the sample. In this figure, the view
of the silicon is from the back or unheated side
of the wafer. The measured and predicted
steady-state wafer temperature distributions are
listed in Figures 8 - 10. Figure 8 provides the
average pyrometer measurements from several
tests, Figure 9 provides the average
therrnocouple measurements from several tests,
and Rgure 10 depicts the predicted steady-state
results. The temperature measurements were
reasonably repeatable from test to test.

P, T3 P

P p P, TO T1

1"4

P P

P = pyrometermeasurement locatlon
T(i) = l_ermocouple location (i)

Figure 7. Pyrometer and Thermocouple Measurement

Locations



The pyrometer measurements were

increased by 80 °C due to the presence of the
bell jar. This value held constant over the
temperature range of interest and was
measured by running in-air tests and recording
the temperature drop upon placement of the bell
jar between the pyrometer and sample.

For thermal modeling purposes, the
silicon wafers were divided into 25 equally sized,
square computational zones. Variations across
the thickness of the wafer were assumed to be
negligible. The fused-quartz sample holder was
also included in the thermal model as was re-
radiation to a room temperature sink in the
manner indicated in Equation (5). Computation
of silicon wafer thermal response included a
finite (and temperature dependent) silicon
thermal conductivity as denoted below,

ksi = 2.99 x 104 / (T-99) (14)

where the temperature values in Equation (14)

are in K.4 Using the parameter values listed in
Table 1 and the flux map derived from the ray-
tracing calculations (Table 2), the transient
thermal response of the wafers was calculated
and these results, along with the experimental
measurements, are shown in Figures 11 and 12.

predict the transient thermal response of heated
silicon wafers, the following computations are
required. First, the rate that energy is absorbed
by the silicon at each location on the surface of
the sample must be correctly predicted. These
rates are required in order to match the initial
temperature rise rate before radiative losses
become important. Second, to achieve the
correct steady-state temperature, not only is the
rate that energy is absorbed by the silicon at
each surface location required, but so is the rate
that radiative energy is lost.

878

1359 1031

1224

Figure 9. Thermocouple Steady-State Temperature
Measurements

I030

I096

1118 1221

1069

1315

1050

1912

Figure 8. Pyrometer Steady-State Temperature
Measurements

Transient TemPerature Predictions

The thermal conductivity and heat
capacity of silicon are re._sonably well-defined
functions of temperature over the temperature

range of interest here. 4 Therefore, to correctly

1085 1119 1108 1119 1685

1161 1238 1281 1238 1161

1199 1302 1354 1302 1190

1161 1238 1281 1238 1161

1085 1110 1108 1110 1085

Figure 10. PRdlcled Sleady-State Temperature
Distribution

To carry out the first calculation,
assuming the surface relative flux distribution is
known (and is valid), one must know the
filament output (Qt), the fraction of the filament

output which intercepts each surface region (_i),

9



the surfaceabsorptivity(O.s),and the surface
emissivity(_), atalltimesduringthecalculation.
To carryout the secondcalculation,one must
alsoknowtheradiativeenvironmentsurrounding
there-emittingwafer. Becauseof uncertaintyin
the low-to-moderatetemperature radiative
propertiesof silicon(from20 - 650°C), as well
as difficulties in modeling the radiative
environment surrounding the wafer, the
experimentaldatawasusedto refinethemodel.
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Figure 11. Comparison of Measurements and PredlcUons
at Thermocouple Location TO
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Figure 12. Comparison of Measurements and Predictions

at Thermocouple Location T1

It was found that the initial rate of

temperature rise was reasonably well predicted
if the high temperature emissivity of silicon was
used as the absorptivity value as well as the
emissivity value (i.e., C_s=_s=.71) throughout the

calculation. In addition, it was found that the

steady-state temperatures were reasonably well
predicted if the re-radiation parameter -y(defined
as the effective re-radiation area divided by the

irradiated area) was assigned a value of unity
rather than a seemingly more logical value
between 1 and 2. The rationale for this

approach is provided below.

Since there is uncertainty in the filament

emissive power (Qf) and the power fraction (_),

and since the product ms_Q f defines the initial

temperature rise rate and the ratio ms_Qf'_s

defines the steady-state wafer temperature,
readjustment of ms, ¢s, _, Qt, and/or 1' might

have been attempted. However, 1' was deemed

the most uncertain parameter of the five in
question, and readjustment of one parameter
rather than several was a preferable course of
action. In future ROMPS testing and analysis,
these uncertainties will be investigated.

With the foregoing in mind, the results
depicted in Figures 11-12 indicate a favorable
agreement between the predictions and the
measured data. The center thermocouple (TO)
follows the data almost perfectly over the
duration of the test. The comparison with the
edge thermocouple (T1) is less favorable. The
wafer edge temperature measurement is lower
than the prediction in initial (temperature rise)
rate and in the steady-state temperature
achieved. Thermocouple locations T3 and T4,
while not shown, indicate transient responses
that fall between TO and T1. Overall, the data
and predictions indicate initial temperature dse

rates of 150-400 °C/sec, times to steady-state of
5-10 seconds, and steady-state temperatures
between 900 and 1350 °C.

Summary and Conclusions

A methodology for predicting the
coupled optical/thermal performance of reflective
cavity heaters was developed. To verify the
approach, a laboratory test was performed
involving the heating of p-type silicon wafers.
Measurements of relative flux and wafer surface

temperatures were compared to predictions.

The predicted relative flux distribution
matched the measured distribution near the
center of the wafer, but differed near the wafer
periphery. The predicted distribution was oval-
shaped (flattened out in the wafer vertical
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direction and stretchedout in the wafer
horizontal direction), while the measured
distribution appearedto be more circular.
Transient and steady-state temperature
measurements compared well with the
predictionsnearthe wafercenter,butdeviated
moderatelynearthewaferperiphery.Pyrometer
measurementswerecloserto predictionsnear
the wafercomersthanwerethethermocouple
results. The reasonfor this differenceis not
clear.

Dueto the uncertaintyin the radiative
re-emissionfactor (_, its pre-testvalue was
readjustedto producea bettermatchwith the
data. In the predicted results, a close
comparisonwasobtainedby setting_=_=.71
(which is the high-temperatureemissivityof
unoxidizedsilicon)and "/'=1 (which is the value
for one-sided radiative re-emission).

Overall, the predictions showed
favorable agreement with the measurements.
Several areas of analytical and experimental
uncertainty exist, however. Future testing and
analysis are planned using a machined reflector
where the reflector shape and filament position
can be closely controlled. In this planned test,
thermocouple instrumentation and pyrometer
calibration will be utilized and an absolute

surface flux map will be measured.

(7") Roozeboom, F. and Parekh, N., "Rapid Thermal
Processing Systems: A Review wi_ Emphasis on
Temperature Con_'ol," J. Vac. Sa. TechnoL, Vol. 8, No. 6, p.p.
1249-1259, (Dec. 1990).
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